Two aspects of the perception of extrapersonal space undergo systematic changes with variations in the pitch of the visual environment: (1) the physical elevation perceived to correspond to eye level (VPEL); and (2) the perception of the pitch of the visual environment (PVP). Thus, one might assume that both discriminations are controlled by a common mechanism utilizing visual information from the pitched surface. In fact this assumption has been made frequently, and -in different formsunderlies three substantial but very different historical streams in the literature. A quantitative theoretical development shows that two of these streams, although derived from very different viewpoints and appearing very different themselves (it is assumed that the basis for both PVP and VPEL is information about the pitch of the visual field in one, and information about the location of the subject's eye level within the visual field in the other), make identical predictions: each requires that the weighted sum of PVP and VPEL equal the magnitude of physical pitch and that the weighted sum of their first derivatives equal a constant. The third stream, which assumes that an internal representation of the visual field gives rise to both PVP and VPEL, requires that a weighted difference of PVP and VPEL be proportional to physical pitch and that the weighted difference of their derivatives equal a constant. In an experiment designed to examine the relation between VPEL and PVP, psychophysical measurements of VPEL and PVP were made on 20 subjects across a range of pitches from −30°to +20°. Contrary to the predictions from all three interpretations, we find no significant correlation between the two perceptual variables when the influence of pitch itself is removed, despite the fact that VPEL and PVP each increased systematically with increasing visual field pitch. The results not only rule out the specific predictions derived from all three historical streams, they also rule out any theoretical viewpoint that requires control of both perceptual responses by a single mechanism. The statistical independence between VPEL and PVP implies independence between the mechanisms that give rise to them. The correlation observed here and elsewhere between individual PVP and VPEL settings when the influence of the systematic variation of pitch is not eliminated is a consequence of the way in which variations in the two perceptions are generated experimentally, and not on an identity of the mechanisms mediating the generation of the two perceptual variables themselves.
Introduction
The physical pitch of the visual field viewed by an observer influences two significant aspects of the perception of space: (1) It systematically influences the visual perception of the pitch of the visual field itself (Stavrianos, 1945; Gruber & Clark, 1956; Smith, 1956; Freeman, 1962 Freeman, , 1966a Epstein & Mountford, 1963; Flock & Moscatelli, 1964; Braunstein, 1968; Sedgwick, 1986) . The plane perceived to be erect and frontoparallel to the observer provides a perceptual reference plane for the perception of visual pitch (PVP) which can be measured as an angular deviation from the physically erect frontoparallel plane (see Fig. 1a ). Matching techniques have been employed to obtain quantitative measures of PVP. Although not universal, many such measurements had suggested that PVP is underestimated relative to true pitch. (2) The physical pitch of the visual field systematically influences the relation between the perceptual and physical dimensions of elevation (MacDougall, 1903; Hoppeler, 1913; Sharp, 1934; Matin & Fox, 1989; Stoper & Cohen, 1989; Matin & Li, 1992a ,b, 1994b ,c, 1995 , 2000 . This relation is conveniently measured by an observer's settings of the elevation of a target to appear to lie at eye level (setting of VPEL elevation). VPEL is here treated as a perceptual reference point (a 'zero') on a dimension of egocentrically perceived elevation, and is itself measured as an angular deviation from the physical elevation of true eye level (TEL; Fig. 1b ). Increased magnitudes of topbackward pitch result in increased downward deviations of VPEL settings from true eye level by erect observers; increased topforward pitch results in increased upward deviations of VPEL from true eye level. Further, along with the pitch-induced shifts of VPEL, the entire dimension of percieved elevation is shifted from its normal relation to physical elevation in the same direction and by approximately the same amount as the shift in VPEL from its normal correspondence to true eye level Robison, Li & Matin, 1995; .
Since both VPEL and PVP are systematically influenced by the physical pitch of the visual field, one might assume that both discriminations are controlled by a common mechanism utilizing visual information from the pitched surface, and in fact this assumption has been made frequently, both in the earlier literature (MacDougall, 1903; Flock, 1964a; Perrone, 1980 Perrone, , 1982 Sedgwick, 1983; Sedgwick 1986; Gibson, 1986; Perrone & Wenderoth, 1991; Stoper & Cohen, 1991; Cohen, Ebenholtz & Linder, 1995) and by observers in the pitchroom (shown in Fig. 3 ). The specific connections between the two discriminations and the form that the mechanism might take, however, are not uniquely specified by the assumption of a common mechanism. One form of the connection that has been offered is that the appearance of pitch arises from a mental representation of the pitched surface which also gives rise to the mislocalization of VPEL ('implicit surface model'; ISM). The implicit surface model of visually perceived eye level and perceived pitch requires that any change in VPEL be accompanied by a change in perceived pitch, due to a change in the mental representation of the surface. The outcome of a series of experiments has shown that the implicit surface model does not hold .
Much of the literature describing relations between physical pitch, the perception of pitch, and the perception of eye level suggests connections between them different from those proposed by ISM. These fall into two categories whose division depends on whether the model under consideration assumes that the perceptual system employs information regarding the pitch of the visual field to generate the perception of eye level, or whether the perceptual system employs information regarding the location of eye level to generate a perception of pitch magnitude. Although the pitch angle of a plane surface facing the observer, q a , is identical to the deviation between the horizontal line of visual direction from the eye of the observer and the normal line of visual direction to the surface, q b (Fig. 2) , one of these two literature streams suggests that observers extract 'angle of pitch information' from q a whereas the second stream suggests that observers extract 'eye level information' from q b . Thus, (1) one group of articles suggests that the information obtained from the pitched field is referenced to the pitch of the visual field and that observers employ this pitch information as the basis for generating perceptions of the direction corresponding to eye level as well as of pitch magnitude. Several aspects of stimuli in the pitch perception literature which have been considered as providing pitch information are foreshortening, gradients of texture and density, and binocular disparity (Epstein & Mountford, 1963; Flock, 1964a Flock, ,b, 1965 Flock & Moscatelli, 1964; Freeman, 1965; Braunstein, 1968; Gillam, 1968; Julesz, 1971; Gillam, Chambers & Russo, 1988; Gillam & Rogers, 1991; Howard & Rogers, 1995; Knill, 1998) . As an example, vertical gradients of horizontal binocular retinal disparity are well-known to be significant for 2 . Schematic of the geometric relationships between visually perceived eye level (VPEL) and angle-of-pitch information (k i ) under IPIM 1 (i= 1), and between perceived visual pitch (PVP) and elevation-of-eye level information (k i ) under IPIM 2 (i =2). q a is the physical pitch of the plane, which is equal to the angular distance from true eye level (TEL) to the normal (N) to the pitched plane from the eye of the observer (q b ).
relates VPEL (which they call 'apparent straightahead') to perceived pitch ('perceived slant'), both of which are presumed to be consequences of the intervening theoretical variable, eye level information, derived from the visual field. They propose that eye level information (which produces a perception of the straightahead direction in an unspecified manner) is used to generate an estimate of the depth of the surface at eye level and, in combination with the convergence angle of pitched-from-vertical surface contours, produces a perception of surface pitch 1 . Their results differentiate between two models based on the above hypothesis, each of which assumes that subjects utilize a slightly different aspect of the surface to generate an estimate of the convergence angle.
We have developed these two apparently disparate conceptions separately below in a set of equations that allow us to compare them. The outcome of this treatment is the recognition that although the two refer to different underlying theoretical variables, both appear to be different statements about the same underlying model. We derive both from a general assumption that we refer to as the Intuitive Perceptual Invariance Model (IPIM). We thus refer to the assumption that information about the angle of pitch controls the two discriminations as IPIM 1 and the assumption that information about eye level controls the two discriminations as IPIM 2 There are two steps in deriving a prediction from a perceptual invariance model. First, the physical invariance upon which the perceptual invariance is modeled must be identified, and then violations of veridical perception must be examined within the proposed invariance framework. In the next two sections we carry this through for IPIM 1 and IPIM 2 separately, and derive specific predictions from each. Although they start from quite different interpretations for the basis for PVP and VPEL settings, both versions are shown to make the identical prediction for the relationship between the VPEL and PVP discriminations.
1.1. IPIM 1 : the VPEL discrimination is assumed to require angle-of-pitch information IPIM 1 assumes that the observer perceptually localizes eye level by making use of information about the the perception of pitch (e.g. Ogle, 1950; Julesz, 1971; Gillam et al., 1988; Gillam & Rogers, 1991; Howard & Rogers, 1995) . By comparing VPEL values in both monocular and binocular viewing, Cohen (1989, 1991) tested the suggestion that disparity mediated pitch information is used by the visual system to generate perceptions of eye level (i.e. changes in the pitch of the visual field provide 'optical information about the orientation of the surface' which produce changes in VPEL). They reported no difference between the two viewing conditions (also see Matin & Fox, 1989; Matin & Li 1992a,b) , and conclude that the addition of binocular cues did not produce a substantial effect because 'monocular cues ... can provide all of the information needed to determine surface orientation'. (2) A second group of articles (Gibson, 1950; Flock, 1964a; Perrone, 1980 Perrone, , 1982 Perrone & Wenderoth, 1991) suggests that the information that is obtained from the visual field is referenced to the visual direction corresponding to true eye level and that this information is employed as the basis for generating perceptions of pitch magnitude and of the direction corresponding to eye level. One example of a stimulus that could provide such eye level information comes from Perrone (1980) , who suggests that the upper or lower edge of a field stop (used to restrict viewing of the pitched visual field) is seen as the horizon. Perrone and Wenderoth (1991) use eye level information in their model of pitch underestimation. Their model explicitly 1 Since two bilaterally symmetric, parallel, pitched-from-vertical contours generate a retinal image for which the convergence extends in both directions from the image of the normal to the pitched surface (or from the image of the extension of the plane of the surface), this property has been referred to as monocular biconvergence perspective (MBP). Although MBP does itself covary with variation of surface pitch, and is thus a possible basis for VPEL, several experiments with 1-line and 2-line pitched-from-vertical and roll-tilted stimuli (Matin and Li, 1992a,b; Matin, 1996, 1998 ) have shown it not to be a factor there.
angle of pitch of the visual field to obtain the angular deviation of eye level from the geometric normal. Information about the pitch of the visual field could be a useful indicator of the elevation of eye level because the angular distance between the normal line of visual direction to the pitched visual field (N) and true eye level (TEL) is geometrically equal to the pitch of the visual field (Fig.  2) . IPIM 1 can be formalized if the information employed by perception about visual pitch is treated as a quantitative variable, k 1 , that equals the deviation of the perceived pitch of the surface from an erect orientation. Thus k 1 is 'angle-of-pitch information' and we assume that increases in k 1 correspond to increased angles of perceived pitch under IPIM 1 , that is, increased angles of PVP(k 1 ).
Based on the geometry of the pitched visual field, the elevation perceived as corresponding to eye level should deviate from the surface normal by the magnitude of angle-of-pitch information. Thus, according to IPIM 1 , when the observer's angle-of-pitch information is accurate (i.e. k 1 = q a ), perceived eye level, VPEL(k 1 ), would be set at true eye level. Similarly, if k 1 =0, the observer would be expected to treat the pitched plane as if it is erect and set PVP(k 1 ) to 0, and VPEL(k 1 ) should not differ from the location of the surface normal (N). The relationship of the perceptual variables to k 1 , derived from the geometric relationship between q a and true eye level, can be summarized in the following two equations:
The above describes the relationship of k 1 to PVP(k 1 ) and VPEL(k 1 ) under some particular pitch of the visual field. Past research suggests that perceived eye level changes linearly over a range of visual field orientations for any given set of stimulus conditions and subject (Matin & Fox, 1989; . If the linear change of VPEL with visual pitch holds, k 1 should be a constant proportion of the angle of pitch, q a . Assuming an idiosyncratic bias, k 1 0 , when viewing the erect visual field, we have, employing k 1 as a measure of the magnitude of the scale factor associated with pitch information,
Given that IPIM 1 assumes a common influence of k 1 on VPEL(k 1 ) and PVP(k 1 ), it is expected that k 1 will describe the influence of the visual field on both perceptual dimensions.
1.2. IPIM 2 : the PVP discrimination is assumed to require ele6ation-of-eye-le6el information IPIM 1 assumed that the physically pitched surface provides information to perception regarding the angle of pitch. IPIM 2 assumes that the pitched surface provides information to perception about the pitch of the surface by employing the angular deviation of eye level from the geometric normal, q b . This 'elevation-of-eye-level' information provides the basis for the discrimination of eye level, and since the surface normal deviates from true eye level by an angle that equals the angle of physical pitch, it also yields the perception of the magnitude of visual pitch (Fig. 2) . IPIM 2 can be formalized if we treat the information employed by perception about the elevation of eye level as a quantitative variable, k 2 , that is internal to the observer and scaled relative to physical pitch. Thus we define k 2 as 'elevation-of-eye-level information' and assume that increases in k 2 result in increased deviations of the elevation of perceived eye level from the normal to the pitched surface under IPIM 2 , that is, increased values of VPEL(g 2 ).
Based on the geometry of the pitched visual field, the magnitude of the perceived pitch of the visual field should correspond to the magnitude of k 2 (Fig. 2) . Thus, when k 2 = q b (the magnitude of elevation-of-eye-level information matches the magnitude of physical pitch), perceived pitch as a function of elevation-of-eye-level information, PVP(k 2 ), would be set at an angular distance from the erect orientation equal to the magnitude of k 2 , and VPEL(k 2 ) is expected to be set accurately (i.e. the full angular distance from the normal to true eye level). Similarly, if k 2 = 0 the magnitude of PVP(k 2 ) would be expected to be 0 (erect regardless of physical pitch), and VPEL(k 2 ) would not differ from the location of the surface normal. The relationship of the perceptual variables to k 2 , derived from the geometric relationship between q and true eye level, can be summarized in the following two equations:
The above describes the relationship of g 2 to PVP(g 2 ) and VPEL(g 2 ) under some particular pitch of the visual field. Past research suggests that perceived pitch changes linearly over a range of visual field orientations for any given set of stimulus conditions and subject (e.g. Stavrianos, 1945; Flock, 1962) . If the linear change of PVP with pitch holds, k 2 should be a constant proportion of the physical pitch angle. Assuming an idiosyncratic bias, k 2 0 , when viewing the erect visual field, we have, employing k 2 as a measure of the magnitude of the scale factor for elevation-of-eye-level information,
Given that IPIM 2 assumes a common influence of k 2 on VPEL(k 2 ) and PVP(k 2 ), it is expected that k 2 will describe the influence of the visual field on both perceptual dimensions.
Prediction for the relationship between VPEL and PVP
Thus, starting from very different views about how physical pitch affects perception, IPIM 1 and IPIM 2 both predict a reciprocal relation between errors in perceived pitch and the perception of eye level. This is summarized in (5a) and (5b) (which are combinations of (1a) and (1b), and (3a) and (3b), respectively) from which we see that, in spite of the different views from which they derive, since q a =q b =q, both make the same prediction for the relationship of PVP to VPEL:
This prediction states that the VPEL and PVP discriminations should sum to the pitch of the visual field. Both versions of (5) are able to account for veridical discriminations, where VPEL does not deviate from true eye level (VPEL =0 for all pitches), and PVP matches the physical pitch of the visual field (PVP= q).
The above treatments of IPIM 1 and IPIM 2 have emphasized k 1 and k 2 as measures of the scale factors for the PVP and VPEL discriminations; both k 1 and k 2 , depending on whether we assume IPIM 1 or IPIM 2 , independently describe the influence of the visual field upon both PVP and VPEL. Because both k 1 and k 2 are equivalent to the slope of the PVP/pitch function, and the VPEL/pitch slope is equivalent to 1−k 1 and 1− k 2 , we are able to write,
Thus, from both versions of IPIM, an inverse relation between the individual VPEL and PVP data points (measured at a particular physical pitch) is predicted, such that VPEL and PVP settings sum to the physical pitch (Eqs. (5a) and (5b)). Similarly, both versions of IPIM predict an inverse relationship between the slopes of the VPEL and PVP functions, such that the scale factor ratio is identical for VPEL and PVP, and the slopes sum to 1 (Eqs. (6a) and (6b)).
Since it is known that there are large individual differences in the slopes of VPEL (Matin & Fox, 1989; Stoper & Cohen, 1989; Matin & Li, 1992a ,b, 1994a ,b, 1999 , 2000 and PVP (Stavrianos, 1945; Gibson, 1950; Flock, 1962; Post, Welch & Clark, in press ), the present experiment was designed to test for the inverse relationships between VPEL and PVP predicted by IPIM in these individual differences. IPIM predicts the inverse relationship, both for the slopes of the PVP/pitch and VPEL/pitch functions across subjects (Eqs. (6a) and (6b)), and for the across-subject variations in VPEL and PVP under various orientations of the visual field (Eqs. (5a) and (5b)).
Methods

Apparatus
The experiment was conducted in the pitchroom 2 shown in Fig. 3 . When erect, the far wall of the pitchroom subtended approximately 40°× 40°of visual angle (at its 185 cm viewing distance). The pitchroom itself was approximately 152 cm wide× 152 cm high× 185 cm long, and was supported by a 67 cm rocker base resting on the floor of the exterior room (which provides an axis of rotation roughly at the center of the pitchroom). The pitchroom was illuminated by an 18 in. long fluorescent lamp attached to the top of the far wall of the pitchroom, approximately at its center.
The erect pitch match frame (1 m from the subject, with its axis of rotation 1.17 m above the floor) subtended at most 17°× 19°of visual angle, depending on its pitch, and was positioned directly between the subject and the back wall of the erect exterior room (not shown in Fig. 3 ). When facing the pitch match frame, the subject's visual field included one wall of the exterior room, as well as two doors and their frames. Neither the laser used in the VPEL discrimination nor 2 Extensive descriptions of the pitchroom apparatus are provided by Matin and Fox (1989) , legend of Fig. 2 , p. 317) and Matin and Li (1992a) , Methods section, p. 265).
the experimenter was visible to subjects at any time. The exterior room was normally illuminated.
Procedure
The method of adjustment was used for both the VPEL and PVP discriminations. Measurements were obtained for both VPEL and PVP at topforward pitches: 10°, 20°; erect (0°); topbackward pitches: − 10°, −20°, − 30°. VPEL discriminations were also obtained in the darkened (erect) pitchroom.
The order of pitchroom orientations for each subject's session followed the format: 0°in the completely dark pitchroom (V d ); 0°in the illuminated pitchroom; all nonzero pitches (in random order); 0°in the illuminated pitchroom; all nonzero pitches (in a different random order); 0°in the illuminated pitchroom; 0°in the completely dark pitchroom. All measurements were obtained in a single session. Two VPEL and PVP discriminations were obtained for each presentation of each physical pitch of the pitchroom, totaling four measurements of each discrimination at nonzero pitches and of V d , and six measurements of each discrimination at 0°in the illuminated pitchroom. The order in which discriminations were obtained for each orientation of the illuminated pitchroom was: VPEL; PVP; VPEL; PVP. After each discrimination, subjects were asked to give a confidence rating on a scale from one to ten indicating how sure they were that their perceptual setting corresponded to an objectively correct setting.
VPEL was calculated in degrees of visual angle from true eye level. The angle at which the subjects set the frame for the PVP discrimination was read directly from a protractor set on the back side of the frame. The protractor was never visible to the subject.
All but two of the subjects used binocular viewing. One female (M.S.) and one male (R.D.) subject performed the experiment under monocular viewing conditions (and slightly different viewing distances; see below). Their results were not distinguishable from those of other subjects, nor are any of the results substantially altered with these subjects removed from the analysis.
VPEL discrimination
The VPEL discrimination was performed with the subject facing the far wall of the pitchroom (as in Fig.  3) , upon which the point of laser light was projected. Subjects sat with their chins supported on a chin rest mounted to the stool. Subjects were instructed to make the VPEL discrimination by verbally indicating that the experimenter move a dim, red, 20 minarc target up or down until it appeared to lie at eye level. The target was derived from an attenuated 0.95 mW He -Ne laser mounted behind the subject, projected onto the pitched wall within the subject's mid-sagittal plane. Eye level was defined for each subject by the experimenter as the point at which a line perpendicular to gravity and projected from the eye would intersect the far wall of the pitchroom.
Subjects were told to close their eyes while the light was being moved up or down in response to his/her instructions. Subjects indicated the desired direction of movement by 'up' or 'down' commands, to which the experimenter responded by moving the laser approximately 5°in the direction indicated, until smaller adjustments were required. Each time the subject indicated that smaller adjustments were required, the experimenter would move the laser approximately half the distance of the previous adjustment. The procedure terminated when the subject indicated satisfaction that the setting appeared at true eye level. For each pair of VPEL settings, the laser pointer was initially positioned once above and once below the region of uncertainty 3 . All but two of the subjects were positioned at the entrance to the pitchroom such that the coronal plane containing their eyes intersected a bar set just inside the bottom edge of the entrance to the pitchroom. The remaining two subjects (M.S. and R.D.) were positioned 100 cm from the normal (from each subject's eye to the pitchroom's far wall) to the pitchroom.
Subjects spent approximately 1-2 s with their eyes open looking at the wall to direct each movement of the laser light, and sat with their eyes closed at all other times. All subjects had their heads steadied by a chinrest during the VPEL discrimination.
PVP discrimination
Each VPEL discrimination in the illuminated pitchroom was followed by a PVP discrimination, with the position of the pitchroom remaining as it had been for the preceding VPEL discrimination. The PVP discrimination was performed with the seated subject's body turned 90°in a clockwise direction from that shown in Fig. 3 , with his/her left shoulder facing the far wall of the pitchroom and his/her right shoulder facing the pitch match frame (change in the subject's body orientation was done by turning the rotable stool while the subject's eyes were closed). This allowed the subject to look comfortably either toward the far wall of the pitchroom (by rotating the head over the left shoulder) or toward the pitch match frame (rotating the head over the right shoulder), with a minimum of body rotation.
Subjects sat with their chairs facing the side of the pitchroom throughout the PVP procedure. They first looked at the inside of the pitchroom (at the far wall that was used for the VPEL discrimination), knowing that they would be matching its pitch with that of the frame. They then turned to face outside of the pitchroom, toward the frame. Subjects were told to give the experimenter verbal instructions to move the top of the frame topforward or backward until the pitch of the frame matched the pitch of the far wall of the pitchroom relative to themselves, such that when the top of the pitchroom was inclined toward the subject the match frame would also be inclined with the top toward the subject. After giving each instruction to move the frame, subjects were required to look back to the pitchroom and again at the frame before they issued their next instruction to have the frame adjusted. They were asked to close their eyes while turning to look at either the wall or the frame as well as while the frame was being moved. Subjects were cautioned to open their eyes only while their heads were still, as subjects were unable to use the chinrest during the PVP discrimination. This was repeated until the subject indicated that the pitch of the frame matched that of the far wall of the pitchroom.
The horizontal distance at which subjects sat from the far wall of the pitchroom during the PVP discrimination was identical to the distance at which the subjects sat during the VPEL discrimination for all but two subjects.
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For each pair of PVP discriminations, the frame was initially positioned so that it was between 20°and 60°f rom the physical pitch of the pitchroom, once in either direction. Subjects indicated the direction of movement necessary to match the apparent pitch to that of the pitchroom by 'toward' (top of the frame toward the subject) or 'away' (top of the frame away from the subject) commands, to which the experimenter responded by moving the frame approximately 8°-12°in the direction indicated, until smaller adjustments were required. Each time the subject indicated that smaller adjustments were required, the experimenter would move the frame approximately half the distance of the previous adjustment. Subjects spent approximately 1 -2 s looking at the wall and 1 -2 s looking at the frame for each adjustment of the frame.
Subjects
Twenty subjects (ten female, ten male) performed both the VPEL and PVP discrimination tasks. The ages of the subjects ranged from 18 to 33 years (median = 23.5). The seated height of subjects ranged from 118 to 135 cm (none of the effects to be reported were correlated with either age or height, and will not be discussed further). Subjects were paid for their participation.
Results
All reported VPEL and PVP values are means of the measurements taken for each physical pitch of the pitchroom. Separate least squares best fits were computed for VPEL and PVP in terms of physical pitch (q). From these, slopes and intercepts were obtained. V% is the slope of the best fit line for the VPEL discrimination as a function of pitch, VPEL(q); V 0 is the intercept of the regression line. V d is the mean VPEL discrimination in the absence of a visible framework (complete darkness with the exception of the laser pointer used to make the discrimination). Similarly, P% is the slope of the best fit line for the PVP discrimination as a function of physical pitch, PVP(q); P 0 is the intercept of the regression line.
Visually percei6ed eye le6el discrimination
Each subject's VPEL changed monotonically with the pitch of the visual field, such that topforward pitches produced VPEL settings above true eye level (TEL), and topbackward pitches produced VPELs below true eye level. V% ranged from 0.33 to 0.86 (Mdn= 0.63) across individual subjects, and V 0 ranged from − 4.53°to 5.68°(Mdn= 0.57°). V d settings ranged from − 6.64°to 5.51°(Mdn =0.48°). As with each individual subject's data (Fig. 4) , the mean data (Fig.  5a ) plotted against physical pitch is well fit by a straight line. Mean VPEL settings and summary statistics by subject are given in Table 1 .
The mean value of V% across subjects (0.65) differed significantly from both 0 (t(19)=23.32, PB 0.001), and 1 (t(19)= 12.66, PB 0.001). Neither the mean value of V d (− 0.60°) nor the mean value of V 0 (0.84°) differed significantly from zero.
These results are consistent with previous VPEL results obtained in the pitchroom (Matin & Fox, 1989; Matin & Li, 1992a ,b, 1994a , and suggest that the changes in procedure used here had no substantial effect on the VPEL discrimination. In particular, the mean V% across subjects is indistinguishable from that usually found in the pitchroom (Matin & Fox, 1989; Matin & Li, 1994a) , the range of slopes obtained is 4 The approximate horizontal distances from the subjects to the vertical axis of the frame (given in terms of the pitch of the pitchroom) were: first 18 subjects: 100 cm at 0°, 10°, and 20°, 125 cm at −10°, 130 cm at − 20°, and 135 cm at − 30°; M.S. and R.D.: 85 cm at 0°, 73 cm at 10°, 60 cm at 20°, 92 cm at − 10°, 103 cm at − 20°, and 120 cm at − 30°. PVP(q) settings and summary statistics by subject are given in Table 2 .
The plot of mean PVP(q) is shown in Fig. 5b . As with each individual subject's data (Fig. 4) , the variation of the mean PVP values with pitch did not deviate significantlly from the best fitting straight line.
The mean P% across subjects (0.95) differed significantly from 0 (t(19)=18.9, PB0.001), but did not differ significantly from 1.0. Further, there was a significantly negative (t(19)= −6.24, PB 0.001) mean P 0 of − 3.0°. These results are consistent with results reported by Freeman (1962 Freeman ( , 1966a for textureless rectangles under monocular viewing conditions as well as Post et al. (in press) and Li and Matin (1998) using a visuomanual pitch matching technique. They report mean slopes near 1, and Freeman reports a 3°topback-ward bias in the orientation of a plane perceived as erect, although other investigators (notably Flock & Moscatelli, 1964; Flock, 1965) have reported smaller slopes.
The female subjects' P% values (first ten entries of Table 2 ) ranged from 0.58 to 1.04 (Mdn= 0.84), while the male subjects' P% values ranged from 0.70 to 1.34 (Mdn= 1.07). The difference in the mean fitted P% values (0.24) was significant (t(18)= 2.78, PB 0.05). The mean of the P% values of female subjects was significantly less than 1 (t(9)= −3.31, PB 0.01), while the mean of the P% values of male subjects did not differ significantly from 1.0. This small but reliable difference in PVP slopes reveals a difference between the observed performance and that predicted by IPIM. According to IPIM (Eqs. (6a) and (6b)), a reliable sex difference in one discrimination should be associated with a reliable difference in the other. However, the male and female VPEL slopes were indistinguishable.
Comparison of VPEL and PVP discrimination
Both versions of IPIM predict a negative correlation between PVP and VPEL such that: (1) for each individual pitch, the sum of each subject's VPEL and PVP should be equal to the physical pitch (Eqs. (5a) and (5b)) and (2) that the VPEL and PVP slopes sum to one (Eqs. (6a) and (6b)).
Means of the VPEL settings at each pitch for each subject (Fig. 6a) were strongly correlated with the corresponding mean PVPs (r=0.89, PB 0.001; df= 118). The correlation of fitted P% to fitted V% across subjects (Fig. 6b) was, however, not significantly different from zero (r= −0.10, P\ 0.1; df = 18). Further, the correlations across individual subjects between the means of the PVP and VPEL settings for each magnitude of physical pitch (withinpitch correlations) were all insignificant (all values of P\ 0.1). similar (with no subject generating a slope that closely approached either 0 or 1.0), and the mean of the V d settings is lower than the mean of the V 0 settings.
Perception of 6isual pitch discrimination
Each subject's PVP changed monotonically with the pitch of the visual field, such that topforward and topbackward pitches produced topforward and topbackward PVP settings, respectively. P% ranged from 0.58 to 1.3 (Mdn= 0.95) across individual subjects; P 0 ranged from − 6.44°to 0.61°(Mdn= −3.68°). Mean a The first ten subjects are female, the last ten are male.
Confidence ratings for VPEL and PVP discriminations
The confidence ratings of both the VPEL and PVP discriminations changed approximately as inverted Ushaped functions of physical pitch (see Fig. 7 ). There were separate statistically significant correlations for VPEL and for PVP with the absolute value of the pitch Fig. 7 . Mean confidence ratings for the VPEL and PVP discriminations as a function of physical pitch. Confidence ratings for the VPEL (triangles) and PVP (circles) discriminations, which were given on a scale from 1 to 10 (10 being most confident), are given on the ordinate. Error bars are standard errors of the mean rating. , open squares and triangles should fall along the lines labeled q= −20°and − 10°, respectively. Similarly, the predictions of IPIM require that all closed squares, triangles, and circles fall along the lines labeled q =20°, 10°and 0°, respectively. Fitted within-pitch slopes (not shown) are all non-significantly different from zero. This is true whether the fits are made to the raw data (shown here), or to transformed data eliminating the VPEL(q) and PVP(q) intercepts -which is a more exact test of IPIM. (b) Plot of V% versus P%. Each data point corresponds to one subject. IPIM (Eq. (9); i 1 = i 2 = i c = 1) predicts that the data points should fall along the double-dashed line. ISM (Eq. (8); h 1 = h 2 = h c = 1) predicts that the data points should fall along the triple-dashed line. The solid line represents the best linear fit to the data. The slope of this line is statistically different from that predicted by IPIM and ISM, but not significantly different from 0. of the room (r= −0.27, PB 0.01; df=118, and r= − 0.23, PB 0.05; df =118, respectively). In addition the correlation between the confidence ratings for VPEL and PVP across subjects and pitches was significant (r= 0.74, PB 0.001; df= 118), but these confidence ratings for the VPEL and for the PVP discrimination were not significantly correlated with the magnitude of the perceptual errors made in each discrimination (r= − 0.16; df= 118, and r= 0.02; df= 118, respectively). Further, the correlation between the mean confidence rating and the standard deviation of the VPEL settings across subjects and pitches was not significant; nor was the analogous correlation for the PVP discrimination (r= 0.05; df =118, and r= −0.03; df = 118, respectively) 5 .
Discussion
The present experiment demonstrates that although PVP and VPEL are positively linearly related across pitches, they are unrelated when analyzed in such a way that the common dependence of VPEL and PVP upon physical pitch is eliminated. This means not only that: (1) the specific predictions of IPIM (Eqs. (5a), (5b), (6a) 5 The standard error bars associated with the VPEL and PVP discriminations become wider with the absolute value of the pitch of the visual field (Fig. 5) . This increase in variability is almost entirely due to the individual differences in VPEL and PVP settings, since data obtained from subjects with the smallest and largest slopes become increasingly spread out with increases in physical pitch. There is no correlation between the confidence ratings and the SD for either the VPEL or the PVP discrimination when the SD is separately calculated for a single subject at a single pitch and the average SD across subjects at each pitch is correlated with the confidence ratings for either VPEL or PVP. and (6b)) are shown not to hold; but also (2) predictions based on any linear relationship between VPEL and PVP are likewise shown not to hold. This becomes particularly clear upon consideration of the plot of VPEL vs. PVP in Fig. 6 . Fig. 6a shows a strong correlation between VPEL and PVP settings. Although not a direct prediction 6 of IPIM, this correlation is expected because both VPEL and PVP discriminations are positively linearly related to the physical pitch of the visual field. If, however, there were a systematic relationship between the two discriminations themselves, apart from their mutual dependence upon the pitch of the visual field, there would be a consistent relationship between the two discriminations across subjects within a given pitch of the visual field. Specifically, we would expect that the plot of PVP versus VPEL for each pitch of the visual field fall along the straight lines passing through the points (0,q) and (q,0). These are shown as dashed lines in Fig. 6a . In addition to within-pitch correlations of VPEL and PVP, we expect that the plot of the slopes (Fig. 6b ) fall along the straight line passing through the points (0,1) and (1,0). It is clear both from inspection of Fig. 6 and the statistical tests outlined in Section 3 that these predictions do not hold 7 . Thus, the strong correlation between the two discriminations as plotted in Fig.  6a appears not to be due to a mechanism common to the two discriminations, but to the common dependence of both discriminations upon changes in physical pitch. This common dependence on physical pitch produces a spurious correlation between the two perceptual discriminations.
Several recent articles provide evidence consistent with the present results: 1. Servos, Matin and Goodale (1995) provide evidence for a dissociation between VPEL and perceived pitch using a neuropsychological patient with visual form agnosia. Although her VPEL discriminations were indistinguishable from those of a normal control subject, changing systematically with the pitch of a parallel, 2-line pitched-from-vertical stimulus in otherwise total darkness, she was unable to match the physical pitch of a large pitched surface -a task easily, reliably, and accurately carried out by the normal control subject whose matches systematically followed the physical pitch of the test stimulus. 2. Li and Matin (1998) measured systematic changes in the elevation of VPEL of normal subjects in response to roll variations of two parallel, eccentric induction lines affixed to an erect plane in darkness. However, subjects made manual matches to the 2-line stimulus that were unaffected by these roll variations. 3. Although the induction of changes in VPEL by horizontal lines on a pitched surface viewed in darkness is very small relative to the influence of pitchedfrom-vertical lines (Matin & Li, 1992a ,b, 1994b Post et al., in press) , the slopes of the manual PVP/pitch functions for horizontal line stimuli are only slightly smaller than those for bilaterally symmetric pitched-from-vertical line stimuli (Post et al., in press ).
As noted in Section 1, the experiments by Li and Matin (1998) Both ISM and IPIM 1 propose a relationship between VPEL and PVP based on information about pitch magnitude derived from the visual field. The predictions of ISM and those of IPIM are, however, quite different. While IPIM predicts that an increase in either the VPEL/pitch slope or the PVP/pitch slope will be accompanied by a decrease in the other (Eqs. (6a) and (6b)), ISM predicts that the magnitudes of VPEL and PVP slopes increase or decrease together. More formally, ISM predicts:
6 IPIM makes no prediction about the overall correlation shown in Fig. 6 because it is possible to have a positive, negative, or zero correlation between VPEL and PVP across pitch conditions and still obtain a relationship consistent with IPIM (Eqs. (5a), (5b), (6a) and (6b)). The overall slope of the relationship of individual PVP to VPEL settings in Fig. 6a provides an estimate of the ratio of the mean PVP slope to the mean VPEL slope; this ratio is determined exclusively by the effect on each perceptual discrimination of pitching the visual field. The critical test of IPIM is for the existence of a reliable within-pitch correlation between individual differences in the two discriminations and their derivatives with respect to physical pitch. Only if this correlation is reliable, indicating a consistent relationship between the two discriminations across subjects, would we say that IPIM held.
7 It is instructive with regard to the second result to consider the prediction of IPIM for subjects with P%] 1. From Eqs. (6a) and (6b), these subjects are predicted to have V% 50. Although approximately half of the subjects have P%] 1, there are no subjects with V%50; the smallest value of V% is + 0.33. where h 1 , h 2 and h C are constants 8 . This characterization of ISM is a direct consequence of the fact that ISM has been assumed to be tenable only if any change in VPEL is accompanied by change in perceived pitch and from the fact that (based on our sign convention) conditions which produce positive VPEL slopes also produce positive PVP slopes.
The present paper extends the results of previous studies by providing quantitative predictions for the relationship of VPEL to PVP under the condition that they are related to one another in a fashion that does not depend upon their mutual dependence on physical pitch magnitude. Eq. (8) describes the relationship between V% and P% under ISM, and Eq. (9) is a similarly generalized form of Eqs. (6a) and (6b) that describes the relationship between V% and P% under IPIM,
where i 1 , i 2 and i C are constants. These equations predict a linear relationship between V% and P% which, when plotted as in Fig. 6b , will have a slope of +h 1 /h 2 or −i 1 /i 2 , depending on whether we assume an underlying mechanism described by ISM or IPIM, respectively. The lack of a reliable correlation between V% and P% provides evidence against both types of relationship between the two perceptual variables. An obvious extension of this work would attempt to provide an answer to the question of how the two proposed mechanisms process information from the pitched visual field to provide independent perceptions of pitch and the elevation of eye level. Although the current results cannot answer this question, several recent investigations provide some insight. Martin and Li's (1994a experiments on VPEL with one-line and two-line visual inducing fields have led them to suggest that the orientation of the retinal image is a source of error signals in a feedback loop that stabilizes the perception of eye level against changes of head pitch and/or vertical rotations of the eye in the head. Thus, they have suggested that pitching the visual field of an observer whose head remains erect and whose eye remains in primary position produces changes in the orientation of the retinal image without opposing signals regarding changes in the orientation of the head and/or eyes that would normally be highly correlated with such retinal image changes.
9 Based on this view, they have suggested that these changes in the orientation of the image at the retina that occur in the absence of changes of head and/or eye orientation provide the major basis for the misperception of eye level within a visually pitched environment. On the other hand, from studies such as those of Ogle (1950) , Smith (1956) , Flock (1962 Flock ( , 1965 , Epstein and Mountford (1963) , Freeman (1965) , Julesz (1971) , Gillam and Lawergren (1983) , Gillam, Chambers and Russo (1988) , Howard and Kaneko (1994) , Howard and Rogers (1995) , van Ee and Erkelens (1996, 1998) , Matin (1998, 1999) , Knill (1998) , Matin, Li and Hudson (1999) , it appears that percieved pitch is mediated by a separate mechanism that utilizes a number of different aspects of the visual field, including binocular disparity, retinal orientation, texture and density information. Also of interest in the current results is the mean magnitude of P%. Our subjects produced, on average, approximately veridical visual matches to the pitchroom apparatus. However, it is common that underestimations are reported in the literature (e.g. Stavrianos, 1945; Gibson, 1950; Gruber & Clark, 1956; Smith, 1956; Braunstein, 1968; van Ee & Erkelens, 1996) . There are several possible reasons for this discrepancy. Previous experiments utilizing a similar pitch matching paradigm have generally created impoverished or 'reduction' conditions for viewing the test stimulus to which a standard stimulus is generally matched under 'unrestricted' conditions (binocular viewing, full illumination, and no reduction aperture or tube). Typical reduction strategies (see Stavrianos, 1945; Gruber & Clark, 1956; Smith, 1956; Freeman, 1962 Freeman, , 1966a Epstein & Mountford, 1963; Flock & Moscatelli, 1964; Braunstein, 1968; Sedgwick, 1986; van Ee & Erkelens, 1996) have included restricting subjects to monocular viewing while simultaneously eliminating either texture or retinal perspective information in the test stimulus, or providing the stereoscopic disparity signal while simultaneously eliminating monocular cues to pitch. In contrast to previous studies, we allowed subjects unrestricted viewing of test and standard stimuli, which provided them with the best possible conditions in which to obtain a clear perception of the pitch of the standard and test surfaces. In addition, the greater retinal size of the test stimulus may have played a role in our subjects producing relatively more accurate results than generally obtained. In support of this possibility, Gruber and Clark (1956) varied the distance to a surface and found decreased estimates of its pitch angle with increasing distance to the surface.
Another interesting aspect of the results is the finding of a significant sex difference in the mean P% but not of 8 This description of ISM (Eqs. (7) and (8)) is valid whether we interpret the constancy relation of ISM to be of a difference between PVP and VPEL, as indicated above, or of a ratio of PVP to VPEL. If ISM is interpreted as a constant-ratio model, we must assume h C = 0. 9 The operation of such signals from head and/or eye orientation is implied by the results of experiments in which the vertical orientation of the head and of the eye relative to the head were separtely and independently changed systematically (Li & Matin, 1993; . In those experiments, the elevation of VPEL remained essentially unchanged by changes in head pitch or eye elevation; this result holds separately for each pitch of the visual field.
V%: the mean P% for male subjects was indistinguishable from 1.0, indicating that subjects made changes in the physical pitch of the match frame which were on average equal to the changes in the physical pitch of the pitchroom, while female subjects made adjustments of the pitch of the frame which on average underestimated the changes in the physical pitch of the pitchroom (mean female P% B1). The result for both P% and V% differ from those in a large body of literature that indicate generally (e.g. Witkin, Lewis, Hertzman, Machover, Meissner & Wapner, 1954; Rebelsky, 1964; Sherman, 1969; Willemsen & Reynolds, 1973; Allen, 1974; Geiringer & Hyde, 1976; Brabyn & McGuinness, 1979; Freedman & Rovegno, 1981) that women are more 'field dependent' 10 than men in performing spatial tasks. The tasks for which this difference in field has been reported have involved conditions in which inducing stimuli either bias perception along a spatial dimension (visual perception of vertical is biased by the presence of a tilted frame) or in which complex visual material masks the presence of a simple figure. In both sorts of tasks the 'field dependence' of women has been interpreted as a greater susceptibility to influence from irrelevant aspects of the visual field. However, in our experiments women and men performed identically on the VPEL discrimination in the face of induction, and men were more sensitive than women to the pitch of the visual field in discriminating pitch itself (i.e. their mean PVP(q) function was steeper), the reverse of the more usual result. The independence of PVP and VPEL raises a question about the presence of a global processing style governing performance on spatial tasks in general. We will provide further evidence on this point in an upcoming paper (Hudson, Li & Matin, under review) .
